The tooth is an intricate composition of precisely patterned, mineralized matrices and soft tissues. Mineralized tissues include enamel (produced by the epithelial cells called ameloblasts), dentin and cementum (produced by mesenchymal cells called odontoblasts and cementoblasts, respectively), and soft tissues, which include the dental pulp and the periodontal ligament along with the invading nerves and blood vessels. It was perceived for a very long time that teeth primarily serve an esthetical function. In recent years, however, the role of healthy teeth, as well as the impact of oral health on general well-being, became more evident. Tooth loss, caused by tooth decay, congenital malformations (tooth agenesis), trauma, periodontal diseases, or agerelated changes, is usually replaced by artificial materials which lack many of the important biological characteristics of the natural tooth. Human teeth have very low to almost absent regeneration potential, due to early loss of cell populations with regenerative capacity, namely stem cells. Significant effort has been made in recent decades to identify and characterize tooth stem cells, and to unravel the developmental programs which these cells follow in order to generate a tooth.
Introduction
Teeth are ectodermal organs generated by most vertebrates, and they are produced in various sizes, shapes, and numbers. With the exception of mammals, the majority of vertebrates replace their teeth continuously (polyphyodonts). Mammals, on the other hand, have restricted tooth regeneration capacity and they replace their teeth only once (diphyodonts) or not at all (monophyodonts). What restricts the arrest of tooth replacement to only one round in most mammals is not known, and the purpose or benefit of having such restriction in terms of evolution and development is not fully understood. It should be noted that most monophyodonts have continuously growing teeth, in which mineralized matrices are unceasingly produced to compensate for tooth wear.
Humans are diphyodonts which develop two dentitions during life. First is the primary dentition (also referred to as deciduous teeth), which is initiated around the 6th week of gestation. Deciduous teeth are replaced by permanent teeth, whose development is initiated between the 10th and 13th week of gestation [1] . Detailed histological analyses of human dentition have implied that humans could potentially generate a third dentition, but this potential has been inhibited by an unknown molecular mechanism. Individual teeth within the primary and secondary dentitions do not form simultaneously, but in a complex temporal and spatial pattern over a span of several years which in most humans is completed in early adolescence with the development of the third molar tooth [1] .
Like other ectodermal organs, teeth develop through tissue interactions mediated by the conserved signaling pathways, such as FGF, BMP, Hedhehog, Wnt, and EDA signaling pathways [2] . They also represent a valuable model to study not only development, but also gene patterning, signaling interactions, and evolution of ectodermal organs. In the past decades various signaling cascades and gene patterning schemes were resolved using the developing tooth as a model. In addition, both tooth replacement and continuous tooth growth require competent stem cells, which became the research focus in the past years. Research published in recent years has improved our understanding of tooth development and morphology, as well as the regulatory networks which govern this process. However, many questions remain unanswered, in particular those which relate to the limited reparative and regenerative potential of these intricate structures. The following text summarizes the biology behind the poor repair potential and the inability of humans to generate teeth de novo.
Tooth Development in vivo
Tooth development (Fig. 1) is governed by the reciprocal epithelial-mesenchymal interactions which occur in a step-wise process in which each stage is identified by specific morphological and cellular features. The odontogenic potential (capacity to generate teeth) initially resides in the dental epithelium (also referred to as the competent epithelium), which can induce tooth formation in any mesenchyme of neural crest origin [3] . The competent dental epithelium thickens at the location of the future dentition, generating a uniform strip called the dental lamina. Initiation of individual tooth development is marked by the formation of the tooth placodes, the invaginations of the competent epithelium into the underlying mesenchyme which transpire at specific and predetermined loci. The stages that follow placode formation are marked by the proliferation of the epithelial cells and the transition of the epithelium through various shapes ranging from bud-through cap-to bell-like shape, which determines the shape of the future crown.
The placodal stage coincides with the shift of the odontogenic capacity to the underlying neural crest-derived dental mesenchyme which thereafter can induce tooth formation when recombined with epithelium [3, 4] . In addition, around this time the uniform dental mesen- [2] . The condensed dental mesenchyme initially surrounds the invaginating epithelium, but later becomes encompassed by the epithelium (also referred to as enamel epithelium). The late bell stage is characterized by cellular differentiation and the production of the mineralized matrices, namely enamel and dentin which form the crown of the tooth. These form at the interface between the inner layer of the dental epithelium (also called inner enamel epithelium) and dental mesenchyme (dental papilla). Cells of the inner dental epithelium differentiate into ameloblasts, while dental papilla cells differentiate into odontoblasts [2] . Generation of both ameloblasts and odontoblasts occurs through stages which culminate in the production of enamel and dentin, respectively. Completion of tooth crown development marks the initiation of root formation. The final steps of root development occur during and after tooth eruption and are characterized by further root elongation and the formation of periodontal tissues which anchor the tooth to the bone.
Age-Related Changes in Human Teeth
The majority of human organs are composed of cells of limited life span, yet the organs maintain their physical properties and function throughout life. The rejuvenation of the organ cellular and extracellular structure (regeneration) depends on the presence of stem cells, a population of self-renewing cells which can reproduce the cellular heterogeneity of the adult organ over the years. Humans steadily lose their tooth stem cells early in life, and thus their ability to repair detrimental changes that occur throughout life is almost absent.
Teeth are complex structures composed of three mineralized tissues: enamel, dentin, and cementum, which enclose the soft tissues (dental pulp, nerves, and blood vessels). The nonvital enamel is the protective cover of the tooth which is progressively worn, discolored, and less permeable with aging [6] . Injuries or damage to the enamel layer cannot be regenerated due to a loss of ameloblasts at the onset of tooth eruption [6] .
Dentin mineralized matrix is produced by odontoblast cells which are generated from the tooth mesenchyme. Unlike enamel, dentin mineral content increases with age due to continuous mineral deposition either as physiological secondary dentin or as tertiary dentin following injury. Gradual changes in the dentin mechanical properties together with weakening enamel increase the potential for tooth fracture.
Tooth Stem Cells
Studies in animal models have shown that during tooth development, several stem cell niches form in the tooth. The epithelial stem cell niche, also called the cervical loop (Fig. 2) , is most morphologically distinct. The cervical loop develops after the bud stage, at the apical end of the advancing epithelium, and it is composed of the inner and outer dental epithelium which forms a loop that encircles the loosely arranged stellate reticulum cells [2] . Stem cells also reside in the stellate reticulum, but the timing of their appearance in the cervical loop is not yet resolved. During the late bell stage, cellular differentiation is initiated at the tips of the future crown cusps by direct contact between the inner enamel epithelium and dental papilla cells. A wave of differentiation of inner enamel epithelium into ameloblasts progressively advances in the apical direction, until it reaches the cervical loop [2] . Further progression of ameloblast differentiation is supported by the stem cells in the cervical loops. Whether this indicates the activation of the stem cell niche is not known. This stem cell niche remains active until the onset of root formation, which coincides with the loss of stellate reticulum from the cervical loops and subsequent loss of epithelial stem cells (Fig. 2) [2, 7] . Subsequently, during tooth eruption, the entire epithelial compartment, including ameloblasts, is lost through cell death mechanisms, including apoptosis [8] . This loss of the epithelial compartment together with the preceding loss of epithelial stem cells and their niche explains the inability of human teeth to regenerate enamel.
Tooth Epithelial Stem Cells
Tooth epithelial stem cells were first identified in the continuously growing mouse incisors. Smith and Warshawsky [9] in 1975 identified a population of label-retaining cells, which was later shown to be the stem cell population capable of generating all epithelial tissues of the tooth [9, 10] . Since then various genes have been associated with the tooth epithelial stem cell population, including Sox2, Bmi1, Lgr5, ABCG2, Oct3/4, Yap, Gli1, and Lrig1, expressed in overlapping and nonoverlapping patterns [11] [12] [13] [14] [15] [16] . How the observed molecular heterogeneity reflects on the differentiation potential and the lineage specificity or exclusivity of the tooth epithelial stem cells is not fully understood. Tooth epithelial stem cells originate from Sox2+ cells of the competent dental epithelium, but it is not known whether they retain the inductive odontogenic potential of the epithelium from which they derived [11] . Sox2+ tooth epithelial stem cells maintain the competence to generate teeth, which is best observed during the formation of replacement teeth. Human replacement teeth develop from the precisely patterned extensions of the dental lamina which also house Sox2+ epithelial stem cells. Lineage-tracing studies in animal models have indicated that the epithelial compartment of the replacement teeth derives from the Sox2+ stem cells residing within the dental lamina extensions, which suggests that Sox2+ cells are competent to participate in tooth formation [17] .
Collectively, these studies indicate a remarkable plasticity of tooth epithelial stem cells which could potentially be used to generate new teeth de novo. Because the tooth epithelial stem cells are lost in humans, alternative cell sources have to be identified, such as induced pluripotent stem cells (iPSCs; discussed later). However, the fundamental concepts of the regulation of tooth epithelial stem cells are still lacking sufficient information to be successfully utilized toward producing a new cell source which would recapitulate functional and molecular characteristics of tooth epithelial stem cells. So far, studies in animal models have demonstrated that Fgf10 is a major regulator of the tooth epithelial stem cell niche and the disappearance of Fgf10 was implied as the molecular switch necessary for the initiation of root formation [18, 19] . A recent study also showed that increased activity of Shh signaling maintains the stem cell niche in the molar cervical loops. This effect of Shh depended on antagonistic interactions with the BMP signaling pathway, and this signaling cross-talk played a key role in the determination of epithelial stem cell fate [20] . The balance between stem cell proliferation and their differentiation toward the ameloblast lineage is regulated by FAK-YAP-mTOR signal- ing [21] . Proper patterning of the enamel derived from stem cells in the cervical loop also depends on the expression of transcription factor Isl1 and the activity of the Shh signaling pathway [13, 22] . Modulation of these molecules may result in the generation of ameloblast lineage precursors with characteristics of tooth epithelial stem cells that could be used for regenerative purposes.
Tooth Mesenchymal Stem Cells Tooth mesenchymal stem cells are of neural crest origin, located in the postnatal tooth, and are a part of the dentin-pulp complex which has the capacity to repair dentin in response to injury [23] . Based on the cellular origin, two types of dentin can be secreted in response to injury. Mild injury to the dentin which does not reach the odontoblast layer stimulates deposition of the reactionary dentin, which is produced by pre-existing odontoblasts and is structurally similar to physiological dentin. Severe damage, which destroys dentin and the underlying odontoblasts, requires generation of new odontoblast-like cells from the mesenchymal stem cells in the dental pulp. These cells produce reparative dentin which is a poorly organized, mainly atubular structure with cells trapped within the matrix [23] . Mesenchymal stem cells are also involved in the continuous deposition of dentin which ultimately decreases the size of the pulp chamber and consequently the cellularity and vascularity of the dental pulp [6] .
Unlike tooth epithelial stem cells, the mesenchymal stem cells do not form a niche that is morphologically distinguishable. Data obtained on continuously growing mouse incisors suggest that there are several niches of mesenchymal stem cells in the tooth, including the perivascular niche (Gli1+ perivascular cells, NG2+ pericytes) and the peripheral nerve-associated, niche-containing cells of glial origin [24] [25] [26] . Of these, NG2+ pericytes have been shown to actively participate in injury repair [27] . Studies in human teeth have demonstrated that perivascular cells with stem cell capacity were expressing CD146 and STRO-1 [28] . A recent lineage-tracing study demonstrated that the new odontoblasts generated during reparative dentinogenesis in molar teeth originate from the perivascular cells identified by α-smooth muscle actin (αSMA) expression [29] . This study further showed that the progeny of the αSMA+ population participated very little in physiological dentin deposition. Taken together, these studies indicate that the mesenchymal stem cells which actively participate in dentin repair are recruited into the tooth through the vasculature and peripheral nerves.
What stimulates dental mesenchymal stem cells to mobilize to the site of injury and differentiate into a new generation of odontoblast-like cells is not known. Several studies have implicated several cytokines and growth factors, including TGF-β, but the precise mechanism which governs this process remains obscure [30] . Therefore, further studies are necessary to unravel the inductive signaling, which could then potentially be used for clinical applications in preserving pulp vitality.
The periodontal ligament represents the biggest challenge in reparative and regenerative dentistry, mainly due to its elusive origin and the cellular and molecular properties of this structure in vivo. Recent lineage-tracing studies in the continuously growing incisor demonstrated that the periodontal ligament derived in part from mesenchymal Igfbp5+ and Lrig1+ progenitors, while others have shown that fragmented root epithelial cells also participate in periodontal ligament structure [16, 31] . Stem cells expressing STRO-1 and CD146 were identified in the periodontal ligament and suggested as a source of regenerative capacity [32] .
Tooth Generation de novo
Epithelial-mesenchymal tissue interactions are the hallmark of tooth development and were first recapitulated in vitro by Kollar and Baird [33] . These authors generated tooth germs in vitro from recombined embryonic dental epithelium and mesenchyme [33] . When grafted into the anterior chamber of the mouse eye, the recombinants grew into properly patterned teeth with mineralized tissues, namely dentin and enamel [4] . In 2007, Nakao et al. [34] generated fully developed teeth by recombining dissociated embryonic tooth germ cells. In the ensuing years, this method has been repeated and further improved [34, 35] . In these experiments single cell suspensions of separate epithelial and mesenchymal cells were obtained from embryonic tooth germs. Epithelial and mesenchymal cells were recombined within a collagen drop and subsequently recreated the tooth germ which grew to early bell stage in the following 5-7 days of in vitro organ culture. When transplanted into the jaw, at the site where the original tooth resided prior to extraction, these germs developed into fully grown teeth which erupted, occluded, and reconstituted all functions of a normal tooth [34, 35] .
Generating a tooth de novo in the postnatal animal was a breakthrough in the field, proving that recombination of competent mesenchyme and dental epithelium recapitulates tooth formation, even after disaggregation of all tissues involved. However, the Nakao method as such is not applicable in humans, because cells obtained from embryonic tooth germs are not a sustainable or an easily accessible cell source due to practical, ethical, and legal issues. iPSCs, on the other hand, offer a valuable and powerful tool to produce an unlimited cell source for regenerative purposes. The use of iPSCs in organ bioengineering for transplantation purposes has marked a new era in medical research. Various organ rudiments, including the mini-brain and the mini-kidney, have been successfully grown ex vivo from iPSCs [36, 37] , but so far not the tooth. This is mainly due to a lack of information on how to successfully program the dental identity of iPSCs, which would enable them to reproduce the complex and precisely orchestrated cellular and molecular interactions which occur during in vivo tooth development. Published data demonstrate the production of dental mesenchyme from mouse iPSCs, which can potentially be used as a source of inductive odontogenic potential for tooth regeneration de novo [38] . However, (competent) dental epithelium has not yet been generated from the iPSCs. In addition, dental mesenchymal cells generated from iPSCs, while molecularly similar to the respective dental tissue, have not yet been tested for their ability to participate in and/or induce tooth formation.
Regulation of Tooth Size and Shape
The most evident drawback in the regeneration of teeth is the inability to generate them of proper shape and size. Tooth shape is determined by epithelial morphogenesis. From the initial stages of tooth development, epithelial morphogenesis is regulated by signaling centers which transiently appear in the dental epithelium during tooth development. These are clusters of tightly packed, nonproliferative cells characterized by the restricted expression of several genes including p21, Edar, Dkk4, and Fgf20 among others [2] . The first signaling center forms in the placodes and is called the initiation knot. It governs the budding of the dental epithelium and the condensation of the adjacent neural crest-derived mesenchyme. At the tip of the newly formed bud appears the second signaling center called the primary enamel knot which governs tooth crown development. Mammals, including humans, have multicusped teeth in which a third generation of signaling centers (secondary enamel knots) emerges during the bell stage, marking the location of the future cusp. Hence, secondary enamel knots determine the cusp pattern, which is a requisite for proper occlusion.
After the formation of the cusp pattern, the tooth grows to its final size, and mesenchymal odontoblasts and epithelial ameloblasts differentiate at the epithelial-mesenchymal interface to form dentin and enamel, respectively [2] .
Signaling centers express several conserved signaling molecules, including FGF, BMP, Wnt, and Shh, which regulate tooth development in a stage-and cell-specific manner [39] . Spatially refined interactions between these signaling pathways determine the cusp number and tooth morphology [39] . It has been previously shown that simultaneous adjustment of Shh, EDA, and activin A pathways increases the complexity of mouse teeth and the number of cusps [40] . Therefore, a system which would enable modulating the activity of various pathways might be necessary for the proper patterning of the secondary enamel knots. Furthermore, this study indicated that an increase in the cusp number does not result from an increase in the tooth size. The tooth crown develops during the late bell stage and continually increases in size until the root formation commences. These data suggest that prolonging the activity of the tooth epithelial stem cell niche may be a strategy to influence tooth size. Therefore, understanding the regulation of stem cells is a crucial tool in order to adequately manipulate the engineered tooth germs toward reaching the correct/appropriate size before the completion of crown development.
Tooth size, on the other hand, is determined by the yet unknown intrinsic signaling which resides in the dental mesenchyme and is thought to be preserved even after cell disaggregation [41] . However, tooth regeneration studies have shown exactly the opposite, since the developed tooth did not have all the morphological and spatial properties of the mouse tooth from which it derived. It has been proposed that the proper tooth size can be achieved by increasing the number of dental mesenchymal cells, which in combination with the accurately shaped bioengineered scaffold could potentially result in the properly sized and shaped tooth. However, the available data demonstrate that changing the number of cells in the dental mesenchyme has no effect on tooth size [41] .
Concluding Remarks
Successful reconstruction of the tooth organ de novo and in vitro depends on our understanding of the cellular and molecular programs which govern its development in vivo. Basic developmental biology studies on various (genetic) animal models are a valuable tool and a prereq- uisite for designing novel cell-based strategies for preventing and treating dental defects. In the past decades we have made significant advances in unraveling signaling cascades and cellular events which mediate and/or govern tooth development in vivo. We have identified stem cells which participate in tooth development and postnatal repair, and have uncovered some of the molecular networks which regulate these populations and that could potentially be used to generate dental stem cells from alternative sources. Most importantly, the tooth regeneration method established by Nakao et al. [34] and further improved by Ikeda et al. [35] provides a great platform on which to build a protocol which will enable the generation of properly sized and shaped teeth.
